This paper examines the elastomechanical stability of a four-bladed wind turbine over a specific rotor speed range. Stability modes, frequencies, and dampings are extracted using a specialized modal processor developed at NREL that post-processes the response data generated by the ADAMS1 simulation code. The processor can analyze a turbine with an arbitrary number of rotor blades and offers a novel capability of isolating stability modes that become locked at a single frequency. Results indicate that over a certain rotor speed range, the tower lateral mode and the rotor regressive in-plane mode coalesce, resulting in a self-excited instability. Additional results show the effect of tower and nacelle parameters on the stability boundaries.
INTRODUCTION
A var ia ble-speed wind turbine must be free of instabilities across its operating speed range to fully realize its potential of increased energy capture and reduced load spikes. Prediction of instabilities and attendant modal interactions is an involved task requiring accurate system dynamic modeling and sophisticated analysis tools. Only limited attempts have been made to 2 7 8 14 analyze modal ' and stability • characteristics of wind turbine. A code that can directly yield detailed stability characteristics must possess two capabilities: i) a capability for detailed modeling that can capture all the pertinent system degrees of freedom and their associated couplings, and ii) a capability for generating system equations in the state-space and solving these for eigenmodes and eigenvalues. Amongst all codes openly available to the wind industry, ADAMS (Automatic Dynamic Analysis of Mechanical This paper is declared a work of the U.S. Government and is not subject to copyright protection in the United States.
Systems) is the only code that offers both these features.
It has comprehensive multi-body modeling capabilities and has been extensively used to model a broad range of turbine configurations. Its second capability, however, is limited to nonoperating (parked wind turbine) conditions only. It is primarily a simulation code ·and does not compute the state matrices that would directly yield operating modes and stability eigenvalues. One must therefore rely on response postprocessing, wherein the accurate simulation capability of ADAMS can be exploited to extract system modal or stability 2 3 characteristics.
HawtMode • , based on the natural excitation technique, is one such postprocessor. Its capability, however, is limited to modal analysis and it can only accommodate two-bladed rotors.
We have attempted to develop a post-processor that has more comprehensive system excitation and response processing capabilities, and can be used for stability analysis as well. It uses both impulse and multi-point excitation to capture the desired modes, and relies on sophisticated techniques to accurately extract stability mode shapes and damping levels, even if the modes ·might be coalesced at a single frequency. A detailed description of the postprocessor is outside the scope of this paper. The next section on Stabil ity Analysis, however, summarizes its salient features. It should be emphasized that even though this postprocessor is applicable to an arbitrary number of blades, the results for a two bladed rotor would usually be approximate. For a two-bladed rotor, this postprocessor, as well as the HawtMode, must be used in conjunction with Floquet analysis to capture the effects of structural periodicity.
The objective of this paper is to examine the stability characteristics of a variable-speed wind turbine. The paper focuses on elastomechanical instabilities of the rotor. Aeroelastic instabilities c are relatively milder and require implementation of transient dynamic inflow models; these will be addressed in the future.
WIND TURBINE MODELING
The wind turbine analyzed in this paper consists of a four-bladed, 24-meter diameter rotor mounted downwind on top of a soft tower. It is modeled using ADAMS.
Each blade, 11.5-meters long, linearly twisted, and preconed at 2°, is idealized as an Euler-Bernoulli beam undergoing flap bending, lag (edgewise) bending, twisting, and axial deflections. It is discretized into 15 lumped inertia elements serially interconnected with six-degree-of freedom beam-spring elements. The hub, the shaft, and the nacelle are modeled as rigid bodies with appropriate masses and rotary inertias. Like the blade, the 33-meter tower is also modeled as a segmented spring-mass sub structure using six segments. The nacelle is considered locked in yaw to the tower top. Drivetrain dynamics are ignored. Aerodynamics are also . ignored as indicated earlier.
The structural damping is assumed to be zero to bring out the magnitudes of damping associated with elastomechanical instability.
STABILITY ANALYSIS
The wide variety of stability analyses fall into two broad categories: i) the response-based approach, and ii) ' the direct eigep.analysis approach. In the first approach, the system is excited with a set of well-defmed forcing functions, and its stability features are extracted from either the response alone or from the response-input relation. This approach is useful if the instability is dominated by a nonlinear mechanism, (e.g., . stall flutter, wherein the instability stems from dynamic flow separation coupled with blade torsional oscillation). How ever, this approach can be very time-intensive,· and only the first few modes can be reliably captured.
The second approach, the direct eigenanalysis, is useful when the instability is governed by small excursions of the system motion about a specified operating point (or trajectory in the case of a time-varying system), and modal interactions dominate the instability. This approach is als o usually fast, accurate, and captures all the participant modes. However, it involves linearization and is not useful for nonlinear instabilities such as stall flutter.
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As mentioned earlier, ADAMS is the primary code used by wind turbine researchers in the United States. for response and loads analysis, but currently lacks the capability for direct eigenanalysis under operating conditions. A response-based approach was therefore developed and is outlined schematically in Figure 1 . First, the wind turbine analytical model is built using ADAMS. Then the rotor is gradually revved up to the desired operating speed. Structural damping is introduced at the beginning of the motoring process to minimize the blade transients. The damping is gradually reduced to zero as the rotor speed approaches the steady-state value. Next, the turbine model is shaken with impulses at judiciously selected locations. Judgment and at times a trial and error approach is used to arrive at the correct magnitude of forces and their application points so as to excite all the modes of interest. The transient response of the system degrees of freedom is recorded. The remaining blocks in Figure 1 comprise the postprocessor.
The first step in the postprocessing is the fixed coordinate transformation, i.e., transformation of azimuthally varying rotor periodic modes to a non-rotating coordinate system attached to the top of the flexible tower. The tower does not see rotor blades in isolation, but sees their cumulative effect, which . is best expressed in terms of rotor modes. Each blade mode of our four-bladed rotor corresponds to four rotor modes: a collective mode, a differential mode, and two cyclic modes. For illustration, consider the first lag modal component of the general response of each blade. Figure 2 shows the instantaneous position of the four blades resulting from oscillations in this mode. The amplitude and phase o f this mode are usually different for each blade.
Any arbitrary , displacement pattern of rotor blades, as shown in this figure, can be expressed as a superposition of four displacement patterns, which are depicted in Figures 3a through 3d. Figure 3a shows the rotor collective mode wherein all the blades oscillate in phase and with an identical amplitude. Figure 3b shows the rotor differential mode, sometimes called the scissors mode, in which alternate blades move out of phase, though with the same amplitude. The other two rotor modes, shown in Figures 3c and 3d , are called the cyclic modes wherein motion of one set of diametrically opposite blades either leads i or lags the other set of diametrically opposite blades by a phase of 90 degrees. As a result, the rotor e.g. (center of gravity) is offset from the hub center and whirls around it. The path traversed by the e.g. is generally an ellipse; it is a circle only if the amplitudes of oscillation of the two sets of alternate blades are identical. Figure  3c describes the rotor progressive mode, in which the e.g. rotates in the same direction as the rotor itself.· The speed of e.g. rotation is always higher than the rotor speed in this mode. Figure  3d describes the rotor regressive mode. In this mode, the e.g. whirls in a direction opposite to that of the rotor at low rotor speeds, but at hig�er rotor speeds it whirls in the same direction. However, in both cases; the e.g. whirl speed is lower than the rotor speed. For these reasons, the progressive mode is usually called the high frequency cyclic mode and the regressive mode is called the low-frequency cyclic mode. As a consequence of fixed coordinate transformation, frequencies of the four-bladed rotor represent frequencies as see by an observer in the fixed coordinate system. These frequencies in general are different from each other. These are also different from the four individual blade frequenci e s as observed from the blade-attached rotating reference frames. In fact, the blade frequencies which are referred to the rotating frames vary with azimuth and, strictly speaking, cannot e � en be defined. Also note that, if there are N b lades, there will be N rotor modes. Further, th e differential mode exists only if there are an even number of blades.
Each flap mode would similarly result in four rotor modes (for the four-bladed rotor). In the collective flap mode, sometimes called the coning mode, all the blades flap in the same direction; in the differential mode, the blades flap 180° out of phase alternately. In the high frequency progressive mode, the rotor disk wobbles in the same direction as the rotor angular rotation, whereas in the low-frequency regressive mode, the disk wobbles in the opposite direction.
An excellent analytical treatment of the fixed coordinate transformation is provided by Johnson. 15 The system response, once transformed to the fixed reference frame, is Fast-Fourier transformed to isolate the system coupled modal frequencies. A specialized modal identification technique is next used to identify system eigenvectors, which yield the coupled mode 3 shapes, and the eigenvalues, which yield the modal frequencies and dampings. The technique uses phase information to isolate coalesced modes should they occur.
RESULTS
We first examine the isolated blade modes. The fan plot in Figure 4 presents the blade in vacuum modal frequencies plotted versus the rotor speed normalized with respect to the nomi nal speed, Q0, of 1 Hz. The nonrotating blade first flap, frrst lag, and second flap frequencies are 0.83 Hz, 2.85 Hz, and 4.54 Hz, respectively.
The frrst torsional frequency (not shown) is 16.85 Hz, too high to participate in the system modes of interest. As expected, the blade fre quencies increase with rotor speed because of centrifugal stiffening. At the nominal rotor speed, the frrst flap, first lag, second flap, and frrst torsional frequencies become 1.47 Hz, 2.91 Hz, 5.28 Hz, and 16.88 Hz, respectively. If the plot were extended to the right, we would see the lag frequency curve intersecting the 1 p line around Q =3.5 Hz (lp stands for 1 times the rotor speed). The lag frequency thus exceeds 1 p for rotor speeds below 3.5 Hz, and the rotor is accordingly termed stiff-inplane. Above 3.5 Hz, the lag frequency is below 1 p and the rotor is termed soft-inplane.
Each mode actually involves coupling of flap, lag, and torsion motions because of blade twist and its cross sectional e.g. offset from the elastic axis. The designation of a mode simply indicates the dominance of a particular motion in that mode. Figure 5 shows the variation of tower and rotor modal frequencies with rotor speed. A plot of this type is called a Coleman diagram. Unlike a fan plot, which shows the isolated blade frequencies with respect to the blade-attached rotating frame, a Coleman diagram shows the full system modal frequencies referred to a fixed (inertial) frame. Figure 5 presents frequency variation of three tower modes (lateral bending, longitudinal bending, and torsion) and the rotor modes associated with the blade first lag and first flap modes.
As explained in the previous section, the first blade flap mode results in four rotor modes: collective flap, differential flap, progressive flap, and regressive flap modes. The frrst blade lag mode similarly results in four rotor lag modes. As seen, the frequencies of some modes vary . considerably with rotor angular speed; this depends on a complex interplay of gyroscopic, centrifugal, elastic, and inertia forces. The corresponding rotor-tower mode shapes exhibit even more interesting vanatrons. A detailed examination of these mode shapes is not possible within the limited scope of this paper. We shall focus only on the frequency variations.
Consider the tower frequencies. The tower tor sion mode frequency is 8.05 Hz when the rotor is parked. It increases with rotor speed because of the gyroscopic stiffening offered by the rotor disk. At high rotor speeds, the rotor attains con siderable gyroscopic inertia and resists any changes in its plane of rotation. This restrains the rotor shaft motion in the horizontal plane and hence the tower twisting. The tower torsion motion is in fact strongly coupled with a rotor disk oscillation about a vertical axis passing through the hub center (the rotor disk actually wobbles, more so at higher rotor speeds). The designation 'tower torsion' only indicates the dominant motion;
The tower lateral and longitudinal bending mode frequencies are close (indistinguishable in the plot) because the tower is tubular. The tower longitudinal mode is cou pled with the rotor cyclic flap modes, whereas the tower lateral mode is mainly coupled with the rotor cyclic lag modes, particularly the regressive lag mode. The coupling between the tower bending modes and the rotor cyclic modes changes substantially with rotor speed, even though the frequencies, as seen in the figure, change little with the rotor speed. The coupling between the tower lateral mode and the rotor regressive lag mode particularly is quite sensitive to rotor speed (we shall get back to this when discussing Figure 6a ). Now consider the rotor flap modes. The differential flap mode frequency variation with rotor speed is identical to that of the isolated blade flap frequency variation (Figure 4 ). This is because the differential mode is a reactionless mode; it is not affected by the tower-deflection induced hub motion, and does not impose any net forces on the hub. The collective flap mode is somewhat coupled with the tower longitudinal mode and its frequency is a little higher than that of the differential mode. The frequency of the progressive flap mode, which involves wobbling of the rotor disk in the rotor rotation direction, is approximately 1p higher than the isolated blade flap frequency (1 p is the rotor rotational speed). It would be exactly 1 p higher if there were no 4 coupling from the tower motion. The regressive flap mode frequency, involving rotor disk wobbling opposite to the rotor rotational direction, is approximately 1 p lower than the isolated blade flap frequency.
Finally we consider the rotor lag (inplane) modes. Frequency variation of the differential lag mode with rotor speed is identical to that of the isolated blade lag frequency variation ( Figure  4 ). This is again because the differential lag mode is also a non-reactive mode. The col lective lag mode frequency is very close to that of the differential; this would not be so if the rotor shaft were considered flexible. Frequency of the progressive lag mode is approximately 1 p higher than the isolated blade lag frequency. This mode involves high-frequency whirling of the rotor e.g. in the same direction as the rotor. The regressive lag frequency variation is rather interesting. When the rotor is stiff-inplane (Q < 3.5 Hz), the rotor e.g. whirls opposite to the rotor rotation and at a frequency 1 p lower than the isolated blade frequency. The e.g. whirl speed reduces as the rotor speed increases and falls to zero near n =3.5 Hz. At this transition rotor speed, the e.g. is offset from the hub center and does not rotate with the rotor. Above the transition rotor speed, the rotor becomes soft inplane and the e.g. starts whirling in the same direction as the rotor and picks up speed as the rotor speed increases (this mode, therefore, is usually called the degenerate regressive lag mode). This whirl speed, however, always stays below the rotor speed. The regressive lag mode substantially couples with the tower lateral mode; this coupling is strongest in the vicinity of Q =4.6 Hz where the regressive lag frequency approaches the tower lateral frequency. In fact, this is where the instability occurs. Figure 6a shows the Coleman plot zoomed in the vicinity of n =4.6 Hz. The tower longitudi nal bending mode frequency stays unaffected since there is no mechanism that couples this mode with the lateral regressive lag mode. The tower lateral mode frequency, identified by the dashed-dotted line, however, tends toward the regressive lag frequency. Over a specific rotor speed range, the two frequencies in fact become locked. Even though we see a single frequency over this frequency-coalescence range, there are in fact two distinct modes. The rotor e.g. whirls in a perfect circle in both modes (outside this range, the e.g. whirl trace is generally an ellipse).
The amplitude of the rotor e.g. offset from the hub center, and that of the tower lateral motion, is the same in both modes. However, the phasing of the e.g. whirl witl1 respect to the tower motion is just the opposite in the two modes.
This phase difference provides a mechanism wherein one mode continuously transfers energy to the other mode, resulting in a self-excited instability. One mode is damped and the other mode is unstable; this can be seen clearly in Figure 6b . The degree of instability depends on the inertial coupling between the rotor regressive lag mode and the tower lateral mode. Outside the coalescence range, the modal dampings are zero since no structural damping was assumed in the analysis.
Figures 7a and 7b show the effect of nacelle mass on the elastomechanical stability. The rotor speed is assumed fixed at 4.6 Hz for this plot. . As expected, both the tower modal frequencies reduce as the nacelle mass is increased. The rotor regressive mode frequency is unaffected, except over the coalescence range where it reduces somewhat with increasing nacelle mass. Figures Sa and 8b show the effect of tower stiffuess on the elastomechanical stability. The rotor speed is again assumed fixed at 4.6 Hz. As expected, the tower modal frequencies increase as the tower stiffness is increased. The rotor regressive mode frequency is unaffected, except over the coalescence range where it increases somewhat with increasing tower stiffuess because of coupling with the tower motion.
Plots similar to Figures 7 and 8 , plotted for different rotor speeds, help a designer to avoid nacelle mass and tower stiffness combinations that may result in a destructive elastomechanical instability.
CONCLUSIONS
A postprocessor has been developed that ex tends the capability of an existing simulation code (ADAMS) to predict system operating mode and stability.
The ability of the postprocessor in identifying and quantifying the elastomechanical stability modes only has been demonstrated. However, it can be used with relative ease for aeroelastic stability analyses as well. Aeroelastic instabilities do not involve coalesc�nce and are therefore easier to analyze.
5
Results indicate that over a small rotor speed range around 4.6 Hz, the tower lateral mode and the rotor regressive lag mode coalesce, resulting in an elastomechanical self-excited instability. For a conventional turbine, this speed range is too high to be of concern to the designer. How ever, with the growing trend towards lighter, flexible, variable-speed wind turbines, and the potential for adaptive blades in future designs, such instabilities may very well fall within the design operating range and must be avoided through careful analyses and preventive design measures.
FUTURE WORK
Stability analysis based on the transient approach is feasible as demonstrated in this paper. However, it is quite time-intensive and requires considerable user interaction.
The direct eigenanalysis approach, on the other hand, is usually extremely fast, accurate, and can easily capture higher modes. An attempt, in coordina tion with Mechanical Dynamics Inc., Michigan, is therefore already underway to examine the feasibility of upgrading AD A MS to yield wind turbine operating modes. Later, Floquet analysis will be introduced to handle periodic systems. Next, following development of transient dynamic infl ow models and linearized aerodynamic models, aeroelastic stability analyses will be performed on selected wind turbines.
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